r In hypertensive adults (HTN), cardiovascular risk increases disproportionately during environmental cold exposure.
Introduction
Hypertension is characterized, in part, by pervasive impairments in neurovascular function, resulting in a shift toward a proconstrictor mediator profile (Cardillo & Panza, 1998) . In hypertensive adults (HTN), cardiovascular-related morbidity and mortality increase disproportionately during environmental cold exposure (Woodhouse et al. 1993; Minami et al. 1996) ; this increase in risk is assumed to result from the untoward consequences of vascular dysfunction, sympathetic overactivity and impaired blood pressure (BP) regulation (Liu et al. 2015; Grassi & Ram, 2016) . Given the critical role for sympathetic control of vascular function in mediating the physiological responses to cooling (Thompson-Torgerson et al. 2008) , as well as the increasing prevalence of hypertension (Writing Group et al. 2016) , clarifying the mechanistic underpinnings of hypertension-induced alterations in neurovascular function during cold exposure is clinically relevant.
Whole-body cold stress (i.e. decreased mean skin and/or core temperature) elicits reflex increases in efferent skin sympathetic nerve activity (SSNA), evoking cutaneous vasoconstriction and subsequent reductions in skin blood flow to minimize heat loss (Charkoudian, 2010; Holowatz & Kenney, 2010; Greaney et al. 2015a) . Human cutaneous vasoconstriction is mediated by both norepinephrine (NE) and non-adrenergic sympathetic co-transmitters [e.g. neuropeptide Y (NPY) and ATP] (Stephens et al. 2001; Stephens et al. 2004; Thompson & Kenney, 2004) . Functional differences at multiple points along the sympathetic reflex axis could conceivably contribute to alterations in neurovascular function during cold stress in HTN. Surrogate measures of sympathetic activity [e.g. heart rate (HR) and BP variability] provide indirect support that sympathetic hyper-reactivity to cold exposure is characteristic of hypertension (Hintsala et al. 2014b; Hintsala et al. 2016) . Cutaneous vasoconstriction in response to a local cooling stimulus is greater in HTN compared to normotensive adults (NTN), partly as a result of greater adrenergic-dependent vasoconstriction (Smith et al. 2013) ; however, no studies have measured the mechanistically distinct sympathetic reflex effector response to whole-body cooling in human hypertension. Non-adrenergic co-transmitters NPY and ATP are co-localized in, and co-released with NE from, sympathetic nerve endings, contributing to non-adrenergic vasoconstriction (Lundberg, 1996; Stephens et al. 2001) . Interestingly, higher neural stimulation frequencies are necessary to facilitate the release of the large dense core vesicles containing non-adrenergic co-transmitters (Sawasaki et al. 2001) . Although co-transmitter release appears to be increased in hypertension (Kahan et al. 1992; Han et al. 1998) , whether a portion of reflex cutaneous vasoconstriction is mediated by non-adrenergic mechanisms in HTN remains unclear.
The present study aimed to investigate integrated sympathetic control of reflex cutaneous vasoconstriction during whole-body cooling-induced reductions in mean skin temperature (T sk ) in otherwise healthy middle-aged adults with essential hypertension by directly measuring efferent skin sympathetic outflow, as well as pharmacologically interrogating the neural control of cutaneous vasoconstriction. We hypothesized that mild whole-body cold stress would elicit exaggerated increases in SSNA and greater reductions in skin blood flow in HTN. We further hypothesized that augmented reflex cutaneous vasoconstriction in HTN would be mediated by both an increase in vascular adrenergic sensitivity and a greater contribution of non-adrenergic sympathetic co-transmitters.
Methods

Subjects
All procedures and protocols were approved by The Pennsylvania State University Institutional Review Board and conformed to the guidelines set forth in the Declaration of Helsinki. Informed verbal and written consent were obtained voluntarily from all subjects prior to participation. Fourteen NTN and 14 HTN participated in the study (Table 1 ). All participants underwent a complete medical screening, including physical examination, resting 12 lead electrocardiogram and 12 h fasting blood chemistry (Quest Diagnostics; Pittsburgh, PA, USA). Subjects were non-obese (body mass index <30 kg m −2 ), did not use tobacco products and were recreationally active. Consistent with JNC7 guidelines (Chobanian et al. 2003) , HTN had a resting seated systolic BP >140 mmHg or a diastolic BP >90 mmHg, as assessed in accordance with American Heart Association guidelines (Pickering et al. 2005) , or were on anti-hypertensive medication. Ambulatory BP monitoring (Ambulo 2400; Mortara Instrument Inc, Milwaukee, WI, USA) was used to confirm the diagnosis of hypertension because of its greater accuracy for describing the BP profile in the daily routine and avoiding 'white coat' hypertension (O'Brien et al. 2013) . The average BP values obtained in 24 h ambulatory monitoring are typically lower than those obtained by office measurements as a result of nocturnal dipping; thus, the consensus values for the diagnosis of hypertension using 24 h ambulatory measures are systolic BP >130 mmHg or diastolic BP >80 mmHg O'Brien et al. 2013) . These diagnostic thresholds for ambulatory BP monitoring yielded 10 year cardiovascular risks similar to those using diagnostic values obtained on office measurement (Kikuya et al. 2007) . Ambulatory measures were obtained every 30 min when awake and every 60 min when asleep. Participants taking anti-hypertensive medication (n = 5; angiotensin receptor blocker, n = 1; angiotensin-converting enzyme inhibitor, n = 4; diuretic, n = 1) discontinued treatment for two full days before each experimental visit to minimize the confound of BP-lowering medication on data interpretation (Delaney et al. 2010; Greaney et al. 2014) . For those participants who discontinued anti-hypertensive treatment for two full days before each experimental visit, BP was monitored three times per day with a portable automatic BP monitor (BP742N; Omron Healthcare, Lake Forest, IL, USA) to ensure subject safety during this medication-free period. Other medications used by both NTN and HTN adults were not discontinued (cholesterol-lowering, n = 5; asthma, n = 1; gastroesophageal reflux disease, n = 2; thyroid, n = 1). No subjects had any evidence of overt cardiovascular disease, apart from hypertension, or any evidence or diagnosis of associated comorbidities, including renal, pulmonary, neurological or dermatological disease. Women taking, or who had recently taken, hormone replacement therapy were excluded. Protocols were conducted on separate visits; before each visit, participants abstained from eating (4 h), caffeinated and alcoholic beverages (12 h), and strenuous physical activity (24 h). All protocols were performed in a thermoneutral laboratory (22°C).
Protocol 1: SSNA responsiveness during whole-body cooling
To control T sk , subjects wore a water-perfused suit that covered the entire body except for the face, hands, feet and lower left leg. Copper-constantan thermocouples were affixed to the skin (calf, thigh, abdomen, chest, back and upper arm); the unweighted mean provided a continuous measurement of mean T sk . Cutaneous blood flow was estimated on the dorsum of the foot, within the area of neural innervation of the peroneal nerve, using an integrated laser Doppler flowmeter probe placed in a local heating unit (moorVMS-LDF2; Moor Instruments Inc., Axminster, UK). The local heater was clamped at 33°C for the duration of the experiment to specifically isolate reflex mechanisms mediating cutaneous vasoconstriction (Lang et al. 2009; Greaney et al. 2015b) . Multifibre recordings of postganglionic SSNA were obtained by a tungsten microelectrode in the peroneal nerve, as previously described in detail (Greaney et al. 2015b; Gagnon et al. 2016) . A reference electrode was inserted 2-3 cm from the recording electrode. The position of the recording electrode was adjusted until bursts of SSNA were identified based upon: (i) responsiveness to arousal (loud noise) stimuli or deep inspiration but not during respiratory apnea; (ii) responsiveness to somatosensory stimulation in the innervated region; and (iii) lack of synchronicity of discharges with pulse rate (Hagbarth et al. 1972) . Nerve signals were amplified, bandpass filtered (700-2000 Hz), rectified and integrated (time constant 0.1 s) (Nerve Traffic Analyser; University of Iowa Bioengineering, Iowa City, IA, USA). Mean voltage neurograms were visually J Physiol 595.5 displayed and routed to a loudspeaker for continuous monitoring. SSNA responsiveness to an auditory stimulus was confirmed at the conclusion of the protocol to ensure a consistent recording site. Beat-to-beat BP was obtained using finger photoplethysomography (BMEYE; Nexfin, St Louis, MO, USA). Automated brachial artery BP (Cardiocap; GE Healthcare, Milwaukee, WI, USA) was obtained every 3 min throughout the experiment to confirm absolute finger BP measurements. HR was measured using an electrocardiogram (Cardiocap; GE Healthcare). Respiratory movements were monitored (but not quantified) using a strain-gauge pneumograph (Pneumotrace; UFI, Morro Bay, CA, USA) to ensure that subjects did not inadvertently perform Valsalva manoeuvres or breath-holds during the protocol because these abnormal breathing patterns are known to influence sympathetic outflow. Qualitatively, respiratory pattern did not appear to differ between groups.
Following 10 min of baseline data collection at thermoneutrality, cool water (ß16°C) was perfused through the suit to gradually lower mean T sk from 34°C to 30.5°C (ß30 min), where it was clamped for an additional 5 min. This cooling stimulus elicits progressive reductions in T sk without effecting core temperature (Thompson & Kenney, 2004; Greaney et al. 2015b) . During cooling, acceptable SSNA recordings were maintained in 14 NTN and 10 HTN. To more specifically isolate the cooling stimulus, a non-thermoregulatory sympathoexcitatory stimulus (mental stress) was applied at thermoneutrality and was repeated at a mean T sk of 30.5°C. For mental stress, each participant performed 1 min of mental arithmetic (Muller et al. 2013; Greaney et al. 2015b) , in which they continuously subtracted '7' from a randomly selected three-digit number. A new number was provided by an investigator every 10 s. Subjects answered verbally and were encouraged to answer as quickly as possible. At the conclusion of arithmetic, subjects rated their perceived stress using a standard scale (0 = not stressful; 1 = somewhat stressful; 2 = stressful; 3 = very stressful; 4 = very, very stressful) (Callister et al. 1992) . Importantly, the SSNA response to mental stress is reproducible within a subject both between successive trials during the same experimental visit as well as between trials during different experimental visits (Muller et al. 2013) . During mental stress, acceptable SSNA recordings were maintained in 10 NTN and 10 HTN.
Protocol 2: Cutaneous vascular adrenergic sensitivity
Using a sterile technique, one intradermal microdialysis probe (CMA Linear 30 probe, 6 kDa; Harvard Apparatus, Holliston, MA, USA) was inserted in the dermal layer of the lateral calf, also within the dermatome of peroneal nerve innervation. Sites were perfused with lactated Ringer solution for 60-90 min following probe placement to allow for the resolution of local hyperaemia (Hodges et al. 2009; Lang et al. 2009; Stanhewicz et al. 2013; Greaney et al. 2015b ). As described above, an index of cutaneous blood flow was obtained directly over the microdialysis site during perfusion (2 μl min −1 ; Hive controller and microinfusion pumps; BASi, West Lafayette, IN, USA) of progressively increasing doses of NE (10 −12 to 10 −2 mol l −1 ; Sigma, St Louis, MO, USA) (Wilson et al. 2004; Greaney et al. 2015b) . Brachial BP (Cardiocap; GE Healthcare) was measured every 5 min during the protocol.
Protocol 3: Adrenergicand non-adrenergic-dependent contributions to reflex cutaneous vasoconstriction
In a subset of participants (6 NTN, 8 HTN), two microdialysis probes were placed in the lateral calf. Microdialysis fibres were perfused with either lactated Ringer solution (control) or 5 mmol l
propranolol (Y+P; antagonism of α-and β-adrenergic receptors) (USP, Rockville, MD, USA). Following baseline measurements, whole-body cooling was initiated, as described in Protocol 1, wherein skin blood flow was continuously recorded over each site (Thompson & Kenney, 2004; Smith et al. 2013) . Local T sk at each microdialysis site was clamped at 33°C for the duration of the experiment to ensure that changes in cutaneous blood flow were reflex in origin (Lang et al. 2009; Greaney et al. 2015b) . HR was monitored continuously and brachial BP was obtained every 3 min throughout the protocol (Cardiocap; GE Healthcare). At the conclusion of the protocol, exogenous NE (10 −6 mmol l −1 ) was perfused at the Y+P site to test the efficacy of adrenergic receptor blockade, as described previously (Thompson & Kenney, 2004; Lang et al. 2009; Smith et al. 2013) .
Pharmacological agents. Pharmacological agents for each intradermal microdialysis protocol were prepared immediately prior to use and dissolved in lactated Ringer solution. Ascorbic acid (Sigma; 1 mg ml −1 ; 5.7 mmol l −1 ) was added to NE as a preservative to extend the half-life (Hughes & Smith, 1978; Thompson & Kenney, 2004; Greaney et al. 2015b ) because prolonged infusion of NE at higher concentrations causes uncoupling and desensitization of G protein-coupled receptors (Seasholtz et al. 1997; Cabrera-Wrooman et al. 2010; Akinaga et al. 2013) . Local administration of higher concentrations of ascorbate (10 mmol l −1 ) has been demonstrated to blunt adrenergic-mediated vasoconstriction in response to local skin cooling in young adults (Yamazaki, 2010) and to improve reflex cutaneous vasodilatation in HTN (Holowatz & Kenney, 2007) . However, in pilot testing, cutaneous adrenergic sensitivity was not different between NTN and HTN at sites perfused with NE with and without ascorbic acid. Therefore, the addition of ascorbic acid to NE likely did not contribute to the cutaneous vascular responses to NE in the present study. All solutions were filtered (Acrodisc; Pall, Ann Arbor, MI, USA) and wrapped in foil to prevent degradation as a result of light exposure.
Statistical analysis
All data were recorded at 40-1000 Hz (Powerlab and LabChart; ADInstruments, Bella Vista, NSW, Australia) and subsequently converted into 1 min averages for data analysis. Cutaneous vascular conductance (CVC) was calculated as red blood cell flux (perfusion units; PU) divided by mean arterial pressure and expressed as both a percentage change and absolute change from baseline. As previously described in detail (Hagbarth et al. 1972; Young et al. 2009b) , integrated bursts of SSNA can occur with varying widths and can contain multiple peaks, making the calculation of burst frequency difficult. We therefore quantified total integrated SSNA activity as the sum of the area of all bursts detected within the 1 min period of interest (Greaney et al. 2015b; Gagnon et al. 2016) . To account for differences in microelectrode position within the nerve fascicle, which greatly influences the strength of the integrated signal and cannot be controlled for, SSNA data were analysed as the relative change from the baseline value. Accordingly, a 1 min segment of SSNA at baseline was assigned a value of 100, and 1 min segments during cooling were normalized to and expressed as a percentage of baseline to provide an estimate of relative changes in total activity, which is an analytical methodology consistent with previous studies examining SSNA (Young et al. 2009a; Muller et al. 2013; Greaney et al. 2015b; Gagnon et al. 2016) . During whole-body cooling, data were calculated as mean values over an initial thermoneutral baseline and at each 0.5°C decrease in mean T sk . For each mental stress trial (Protocol 1), data were averaged during baseline immediately preceding the onset of the stressor and during the full 1 min of mental arithmetic (Muller et al. 2013) . In Protocol 2, data were averaged during baseline and the last min of each NE dose (Wilson et al. 2004; Greaney et al. 2015b) .
Data were analysed using two-way (group × temperature) or three-way (group × temperature × condition) mixed model repeated measures ANOVA in SAS, version 9.1.3 (SAS Institute Inc., Cary, NC, USA). When appropriate, post hoc Bonferroni corrections were applied to correct for multiple comparisons. Pearson correlations were used to examine the relation between SSNA and CVC, and linear regression analysis was used to probe group differences in the slope of the SSNA:CVC relation. NE sigmoidal dose-response curves with variable slope were generated using four parameter non-linear regression modelling in Prism, version 5.0 (GraphPad, San Diego, CA, USA), as previously described in detail (Wenner et al. 2011; Greaney et al. 2015b) . Constraints were set for the top (baseline CVC = 100%) to best fit parameters of the model and differences between groups in the logEC 50 (sensitivity) and E max (maximal vasoconstrictor capacity) were analysed using an F test for repeated measures comparisons (Greaney et al. 2015b) , which takes into account all points over the entire curve as opposed to each specific dose (Cook & Bielkiewicz, 1984) . Data are reported as the mean ± SE. P < 0.05 was considered statistically significant.
Results
Participants were well-matched for age, anthropometric characteristics and blood biochemistry (Table 1) . By study design, resting screening systolic and diastolic BP and 24 h systolic and diastolic BP were significantly elevated in HTN (P < 0.01). Systolic and diastolic BP were also elevated in HTN at the experimental visits (P < 0.001). 
Neurocardiovascular responses to whole-body cooling
Baseline mean T sk was not different between groups (NTN: 34.2 ± 0.03°C vs. HTN: 34.2 ± 0.08°C; P = 0.85).
Cooling decreased mean T sk to 30.5°C in all subjects with no group differences in the rate of cooling (NTN: 0.15 ± 0.01°C min −1 vs. HTN: 0.14 ± 0.01°C min −1 ; P = 0.21). At thermoneutrality, neither red cell flux (NTN: 9.4 ± 1.6 PU vs. HTN: 8.2 ± 0.4 PU; P = 0.45), nor absolute CVC (NTN: 0.10 ± 0.01 flux mmHg −1 vs. HTN: 0.09 ± 0.04 flux mmHg −1 ; P = 0.14) were different between groups.
Throughout cooling, HTN exhibited greater increases in SSNA compared to NTN (Fig. 1A) and this was accompanied by augmented reflex cutaneous vasoconstriction when expressed both as a relative change (Fig. 1B) and as an absolute change from baseline (NTN: −0.02 ± 0.003 flux mmHg −1 vs. HTN: −0.03 ± 0.003 flux mmHg −1 ; P = 0.04). Despite a greater range of response, the slope of the SSNA: CVC relation was not different between groups ( Fig. 1C ; NTN: −0.167 ± 0.05 vs. HTN: −0.136 ± 0.02; P = 0.56). BP was greater throughout cooling in HTN with no group difference in the change in BP (Table 2) . Similarly, although HR was elevated in HTN, the response to cooling was not different ( Table 2) .
The reflex SSNA and haemodynamic responses to mental stress are presented in Table 3 . SSNA increased during mental stress at a mean T sk of 34.0 and 30.5°C in both groups (P < 0.05) and the magnitude of the SSNA response to mental stress was not different between NTN and HTN at either temperature condition (Table 3) . In response to mental stress, the increase in BP was attenuated in HTN (Table 3) ; however, there was no effect of temperature on either SSNA or cardiovascular responses to mental stress in either group (Table 3) . There were no temperature-or group-related differences in perceived stress (NTN: 2 ± 0.2 units at a T sk of 34.0°C vs. 2 ± 0.3 units at a T sk of 30.5°C; HTN: 1 ± 0.3 units at a T sk of 34.0°C vs. 2 ± 0.2 units at a T sk of 30.5°C; P > 0.05 for all comparisons).
Cutaneous vascular responsiveness to exogenous NE
Baseline CVC was not different between groups (NTN: 0.14 ± 0.02 flux mmHg −1 vs. HTN: 0.23 ± 0.07 flux mmHg −1 ; P = 0.13). There were no differences in cutaneous vascular adrenergic sensitivity, assessed as the logEC 50 of the NE dose-response curve, whether expressed as a percentage change ( −1 ; P < 0.01), but there were no differences between groups (P = 0.28). Reflex cutaneous vasoconstriction was blunted in HTN at the Y+P site, whereas in NTN, Y+P completely abolished reflex cutaneous vasoconstriction (Fig. 3) . The integrity of the adrenergic blockade was confirmed in both groups by the lack of further vasoconstriction in response to 10 −6 mmol l 
Discussion
In the present study, we demonstrated that whole-body cooling elicits greater increases in SSNA and, relatedly, augmented cutaneous vasoconstriction in HTN. Contrary to our hypothesis, cutaneous adrenergic sensitivity was similar between NTN and HTN, suggesting that increased vascular responsiveness to NE does not contribute to the greater reflex vasoconstriction in HTN. Rather, our findings suggest that this is a result of (i) enhanced SSNA and (ii) a greater dependency on non-adrenergic sympathetic co-transmitters in mediating the vasoconstrictor response to cold stress in HTN.
In response to whole-body cooling-induced decreases in mean T sk (30.5°C), both NTN and HTN exhibited increases in SSNA. The increase in neural outflow directed to the cutaneous vasculature of the innervated dermatome was linearly related to reductions in skin blood flow in both subject groups, reflective of preserved signal transduction (Greaney et al. 2015b) . However, the SSNA response to cooling was three times greater in HTN compared to NTN and comparable to that previously observed in young adults in our laboratory (Greaney et al. 2015b) , as well as that reported in other studies (Sawasaki et al. 2001; Cui et al. 2006) . Our findings are also in agreement with exaggerated sympathetic responses to cold stress in rat models of hypertension (Morley et al. 1990; Tkachenko & Kozyreva, 2010) and with reports of sympathetic hyper-reactivity to cold exposure (albeit indirectly assessed) in human hypertension (Hintsala et al. 2014b; Hintsala et al. 2016) . The results of the present study build on and extend previous findings by demonstrating that the augmented increase in SSNA during cooling in HTN directly correlates with enhanced vasoconstriction in the area of neural innervation. Although the sensitivity of the reflex response (the slope of the linear relation between the change in SSNA and the change in skin blood flow during cooling) was not different between subject groups, the response range of the SSNA: CVC relation was extended in HTN. Accordingly, these findings suggest that greater cooling-induced reflex vasoconstriction in HTN is mediated by alterations in the neural reflex arc and not by enhanced responsiveness of the vasculature to sympathetic stimuli. Does the exaggerated SSNA response to cold exposure in HTN simply reflect an augmented generalized neural responsiveness to any sympathoexcitatory stimulus? To address this possibility, we superimposed a non-thermoregulatory stimulus (mental stress) on whole-body cooling (Greaney et al. 2015b) . SSNA is highly responsive to arousal stimuli (Wallin & Charkoudian, 2007) and sustained and reproducible increases in SSNA are observed during mental stress (Muller et al. 2013; Greaney et al. 2015b) . We saw similar increases in SSNA during mental stress at thermoneutrality and during cold J Physiol 595.5 stress in both subject groups, arguing against the premise that generalized sympathetic hyper-reactivity explains the exaggerated increase in SSNA during whole-body cooling in HTN. Although absolute BP remained higher during mental stress in HTN, the pressor response to mental arithmetic was blunted relative to NTN at each temperature condition. Previous results have been equivocal, with reports of both similar (Tsai et al. 2003; Khan et al. 2015) and exaggerated (Kohler et al. 1997; Palatini et al. 2011 ) BP responsiveness to mental stress in HTN. These disparate findings may be related to the different mental stress paradigms utilized, the large interindividual variability in responsiveness to mental stress (Carter & Goldstein, 2015) or the potential dissociation between neural and BP reactivity to mental stress (Carter & Ray, 2009) . Nevertheless, when considered collectively, our findings indicate that generalized sympathetic hyper-reactivity does not explain greater SSNA responsiveness to cold stress in hypertension.
In response to rapid body cooling, skin vasoconstriction was greater in rats with arterial hypertension compared to normotensive controls (Lomakina et al. 2002) ; however, because thermoregulatory control of the human cutaneous circulation is unique (Johnson et al. 2014) , extrapolation of data from animal models has limited utility. Surprisingly few studies have examined the mechanisms mediating cold stress-induced cutaneous vasoconstriction in human hypertension. Smith et al. (2013) reported greater adrenergically-mediated cutaneous vasoconstriction during local cooling of the skin in adults with essential hypertension, suggesting that increased vascular responsiveness to sympathetic adrenergic neurotransmitters may mediate greater vasoconstriction in HTN. In contrast to that hypothesis, we found that cutaneous vascular adrenergic sensitivity, assessed as the logEC 50 of the NE dose-response curve, was not different between groups. Maximal NE-induced vasoconstriction was greater in HTN; however, this only occurred at supraphysiological doses of NE. Although enhanced α-adrenergic constriction contributes to increased total peripheral resistance in hypertension via basal vascular smooth muscle cell hyper-contractility, the present findings are consistent with those reported in isolated human resistance arteries dissected from gluteal skin biopsies (Angus et al. 1992) . Because the skin plays little role in BP regulation but rather subserves a thermoregulatory function, the uniqueness of the present findings is perhaps not surprising.
In young adults, NE mediates ß60% of the vasoconstrictor response during graded whole-body cooling because selective postsynaptic antagonism of cutaneous adrenergic receptors diminished, but did not eliminate, vasoconstriction (Kellogg et al. 1989; Stephens et al. 2001; Stephens et al. 2004; Thompson & Kenney, 2004) . The remainder of the vasoconstrictor response is mediated by non-adrenergic sympathetic co-transmitters. NPY and ATP, which are the two most probable candidates, are produced, co-localized and co-released with NE from perivascular nerve endings in multiple vascular beds including the skin (Lundberg, 1996; Stephens et al. 2001) . In the cutaneous circulation, NPY directly mediates vasoconstriction and also potentiates NE-mediated vasoconstriction via postsynaptic Y 1 receptors (Racchi et al. 1999; Stephens et al. 2004) , whereas ATP mediates vasoconstriction via P 2 X receptors (Flavahan & Vanhoutte, 1986; Ralevic & Dunn, 2015) . NPY release appears to be increased in general in hypertension, specifically in the cutaneous circulation (Kahan et al. 1992; Han et al. 1998) . Interestingly, higher stimulation frequencies are required to facilitate the release of the large dense core vesicles that contain sympathetic co-transmitters (Sawasaki et al. 2001) . Therefore, it is plausible to suggest that the substantially greater increases in efferent SSNA during cooling in HTN compared to NTN reflect a greater relative contribution of sympathetic co-transmitters to reflex cutaneous vasoconstriction in hypertension. To address this possibility, reflex vasoconstriction was assessed in a subset of participants during concurrent cutaneous vascular adrenergic receptor antagonism. In NTN, adrenergic receptor antagonism abolished reflex cutaneous vasoconstriction, a finding consistent with that reported in healthy older (69 ± 2 years) individuals (Thompson & Kenney, 2004) . By contrast, in HTN, adrenergic receptor antagonism blunted, but did not eliminate, the vasoconstrictor response to cooling, suggesting that non-adrenergic co-transmitters mediate a larger portion of reflex cutaneous vasoconstriction in hypertension.
Both BP and HR were elevated in HTN at thermoneutrality and remained higher throughout cooling. Despite our finding that the SSNA and end-organ responses to whole-body cooling were exaggerated in HTN, the BP and HR responses to cooling-induced reductions in T sk were similar between groups, results consistent with the few previous studies examining the haemodynamic responses to whole-body cooling in hypertension (Hintsala et al. 2014a; Hintsala et al. 2014b; Hintsala et al. 2016) . It is possible that a more severe cooling stimulus, including reductions in core temperature, would elicit a greater pressor response in HTN, thus contributing to increased cardiovascular risk; this warrants future examination. Our laboratory recently examined the sympathetic control of reflex vasoconstriction in healthy older (57 ± 2 years) compared to young adults, reporting that blunted increases in SSNA directly contribute to age-related impairments in cutaneous vasoconstriction (Greaney et al. 2015b) . The increases in SSNA reported in NTN in the present study (+65% baseline ) are remarkably consistent with the increases demonstrated previously (+51% baseline ), further validating our assessment of SSNA as a means of quantifying sympathetic control of cutaneous vasoconstriction during cooling.
Limitations
The mechanisms mediating cutaneous vascular function likely differ between glabrous and non-glabrous skin (Johnson et al. 2014) . During cooling, CVC was measured on the dorsum of the foot (mixed glabrous/non-glabrous skin) in Protocol 1 and on the lateral calf (non-glabrous skin) in Protocol 3; the lateral calf was utilized for intradermal microdialysis protocols because it provided a larger surface area for fibre insertion and is also within the area of neural innervation of the peroneal nerve. Although the specific mechanistic mediators of cutaneous vasoconstriction may differ between these two anatomical locations, reflex vasoconstriction was greater in HTN during both protocols, indicating significant functional alterations in neurovascular function during cold exposure in hypertension. In addition, we were unable to delineate the specific non-adrenergic co-transmitters involved in reflex vasoconstriction, nor was it possible to definitively establish the degree to which receptor number or downstream co-transmitter signal transduction mechanisms contributed to the altered responses observed in hypertension. Moreover, we cannot exclude a role for alterations in second-messenger signalling pathways in contributing to the enhanced reflex cutaneous vasoconstrictor response in hypertension. For example, the Rho-kinase (ROCK) pathway is a proconstrictor mechanism that mediates reflex vasoconstriction during whole-body cooling (Lang et al. 2009 ). ROCK activity is upregulated in hypertension (Seko et al. 2003) and ROCK-dependent vasoconstriction in response to local cooling is increased in HTN (Smith et al. 2013) , making it a likely candidate. Nonetheless, it is clear that non-adrenergic sympathetic co-transmitters play a substantial role in mediating the full reflex cutaneous vasoconstrictor response to cold exposure in HTN adults.
Perspectives
There is increasing evidence suggesting that dysregulated sympathetic control of vascular function contributes to cardiovascular disease development in hypertension (Grassi & Ram, 2016) . Thus, understanding the neural mechanisms mediating reflex control of peripheral vasoconstriction during cold stress in HTN may provide novel insights into hypertension-associated neurovascular dysfunction and its pathological sequelae. Although hypertension magnifies cold exposure-related cardiovascular risk (Woodhouse et al. 1993; Minami et al. 1996) , the evidence reported in the present study suggests that, in the context of thermoregulation and the maintenance of core temperature during cold stress, sympathetically-mediated control of the cutaneous vasculature is not only preserved in HTN, but also exaggerated. The greater range of responsiveness of sympathetic reflex control of cutaneous vasoconstriction is mediated by both adrenergic and non-adrenergic neurotransmitters, a functional mechanism of peripheral vasoconstriction noted in young, but not older, adults (Stephens et al. 2001; Stephens et al. 2004; Thompson & Kenney, 2004) . Future studies designed to pharmacologically target cutaneous vascular signalling mechanisms, including specific non-adrenergic sympathetic co-transmitters, as well as downstream second-messenger pathways (e.g. ROCK, angiotensin II), are warranted.
